Background: Characterization of a Nonconsensus xenobiotic response element (NC-XRE), a novel AhR binding site. Results: AhR binding to the NC-XRE in response to TCDD results in the recruitment of CPS1 and concomitant homocitrullination of histone H1. Conclusion: CPS1-mediated homocitrullination of histone H1 on lysine 34 is a novel epigenetic mark. Significance: Homocitrulline (hcit) is a novel epigenetic histone mark involved in chromatin remodeling and transcriptional activation.
The aryl hydrocarbon receptor (AhR), a regulator of xenobiotic toxicity, is a member of the eukaryotic Per-Arnt-Sim domain protein family of transcription factors. Recent evidence identified a novel AhR DNA recognition sequence called the nonconsensus xenobiotic response element (NC-XRE). AhR binding to the NC-XRE in response to activation by the canonical ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin resulted in concomitant recruitment of carbamoyl phosphate synthase 1 (CPS1) to the NC-XRE. Studies presented here demonstrate that CPS1 is a bona fide nuclear protein involved in homocitrullination (hcit), including a key lysine residue on histone H1 (H1K34hcit). H1K34hcit represents a hitherto unknown epigenetic mark implicated in enhanced gene expression of the peptidylarginine deiminase 2 gene, itself a chromatin-modifying protein. Collectively, our data suggest that AhR activation promotes CPS1 recruitment to DNA enhancer sites in the genome, resulting in a specific enzyme-independent post-translational modification of the linker histone H1 protein (H1K34hcit), pivotal in altering local chromatin structure and transcriptional activation.
Since its discovery in 1980s, aryl hydrocarbon receptor (AhR) 2 has been a major focus of study in the field of toxicology because it mediates the effects of environmental pollutants such as dioxins. The AhR is a ligand-mediated basic helix-loophelix transcription factor in the Per/Arnt/Sim domain protein family (1) . It regulates adaptive and toxic responses to a variety of chemical pollutants, most notably 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (2) . In the canonical pathway, the cytoplasmic AhR translocates to the nucleus upon ligand binding and forms a heterodimer with the Arnt (aryl hydrocarbon receptor nuclear translocator). The AhR-Arnt heterodimer binds to the xenobiotic response element flanking numerous AhR target genes. The XRE is present in the promoter regions for many detoxification genes, which code for the phase I and II xenobiotic metabolic enzymes including the cytochrome P450 superfamily (CYP) (3) (4) (5) . Assessment of the epigenetic mechanisms regulating CYP1A1 and CYP1B1 genes revealed that TCDD induction triggered several core histone modifications associated with recruitment of the histone acetylase coactivators p300, steroid receptor coactivator 1, steroid receptor coactivator 2, and the p300/CBP-associated factor (6, 7) .
Recent studies identified a novel DNA sequence referred to as nonconsensus xenobiotic response element (NC-XRE) capable of binding the AhR independently of the Arnt protein (8) . Subsequent experiments demonstrated that AhR binding to the NC-XRE depended instead on an interaction with Kruppel-like factor 6 (KLF6) (9) . Using the NC-XRE as a DNA affinity reagent to purify the TCDD-inducible complex in mouse liver, we identified carbamoyl phosphate synthase 1 (CPS1) as a component of the AhR-KLF6 complex by mass spectrometry sequencing. CPS1 is a Ϸ160-kDa multidomain protein that catalyzes the irreversible reaction (2ATP ϩ HCO 3 Ϫ ϩ NH 3 3 2ADP ϩ P i ϩ carbamoyl-phosphate) (10, 11) . CPS1 is ordinarily considered a mitochondrial enzyme involved in the detoxification of ammonia by producing urea through the urea cycle (12) . In this study we demonstrate that CPS1 is also a nuclear protein recruited by the AhR to NC-XRE sites in the hepatocyte genome and is responsible for carbamylation (homocitrullination) of a functionally important histone H1 lysine residue (H1K34) implicated in transcriptional regulation. The homocitrulline (hcit) constitutes a novel epigenetic mark envisioned to promote chromatin remodeling into a more accessible transcriptionally active conformation.
Experimental Procedures
Animals and Primary Hepatocyte Isolation-C57BL/6 mice (8 -10-week-old females) were purchased from Jackson Laboratories (Bar Harbor, ME). AhR fl/fl (AhR floxed) and AhR fl/fl / Cre Alb mice (AhR CKO, a hepatocyte-specific conditional AhR knock-out using Cre-loxP recombination system) are maintained as in-house colonies. All experimental procedures were approved by Institutional Animal Care and Use Committee at the University of Texas Medical Branch at Galveston. AhR floxed and AhR CKO primary hepatocytes were isolated using a collagenase perfusion method as previously described by us (13) . TCDD (Cerilliant, Round Rock, TX) was dissolved in anisol and diluted to 2 g/ml in peanut oil (vehicle) for in vivo use or to 200 nM in DMSO (vehicle) for use in cell culture. Mice were gavaged with either 100 l of vehicle or 20 g/kg TCDD (100 l) for 2 h before sacrifice. For cell culture, primary hepatocytes were treated vehicle or 6 nM TCDD for 24 h.
Nuclear Extract Preparation-Nuclear extracts from liver tissues and isolated hepatocytes from C57BL6, AhR fl/fl (AhR floxed), and AhR fl/fl /Cre Alb AhR CKO were prepared using sucrose cushion as described previously (9) .
Affinity Pulldown with NC-XRE-Biotin-Nuclear extracts from vehicle or TCDD (20 g/kg for 2 h) treated C57BL/6 mice were prepared and incubated with beads binding buffer (20 mM HEPES, pH 7.5, 1 mM MgCl 2 , 1 mM DTT, 10% glycerol, 0.01 g/l poly(dI-dC), 1 mM NaF, 1 mM Na 2 VO 4, 1 mM PMSF, 5 l/ml protease inhibitor mixture (Sigma-Aldrich), 0.1% BSA. In a separate tube, prewashed Dynal streptavidin M280 beads (Life Technologies, Inc.) were mixed with 100 ng/l of annealed NC-XRE-Biotin primers (forward, biotin-GTCCCA-GCAAGTCACTGGGAGGGAGGGAGGGAGGGGGAG; reverse, CTCCCCCTCCCTCCCTCCCTCCCAGTGACTTGC-TGGGAC). Nuclear extracts were added to the streptavidin beads containing NC-XRE-biotin and incubated for 30 min. Magnetic beads were washed three times with beads wash buffer (20 mM NaCl, 20 mM HEPES, pH 7.5, 1 mM MgCl 2 , 0.5 mM DTT, 0.01 g/l poly(dI-dC), 1 mM NaF, 1 mM Na 2 VO 4, 1 mM PMSF, 5 l/ml protease inhibitor mixture (Sigma-Aldrich), 0.1% BSA). Samples were eluted and stored at Ϫ80°C.
Two-dimensional Difference Gel Electrophoresis (2D-DIGE)-Affinity pulldown nuclear proteins were cleaned using the Ettan 2-D cleanup kit (GE Healthcare), protein pellets were resuspended in ice-cold DIGE-specific lysis buffer (30 mM Tris, 8 M urea, 2% CHAPS, pH 8.5 buffer) and labeled with Cy dyes (Cy3 for vehicle-treated, Cy5 for TCDD-treated), and Cy2 for internal standard composed of pooled aliquots comprising equal amounts of the vehicle and TCDD samples. 400 pM of dye was used for 50 g of protein.
Labeling was stopped with 10 mM lysine, and 2ϫ sample buffer containing 8 M urea and 2% CHAPS was added. After adding 100 l of rehydration buffer (Destreak rehydration buffer containing 0.5% IPG buffer 3-11 NL) samples were loaded on a 3-11 nonlinear IPG strip. After equilibration with DTT and iodoacetamide equilibration solutions, strip was loaded onto second dimension 4 -15% Tris-HCl gradient gels. DeCyder version 7 .0 was used to analyze the 2D-DIGE images as described in the Ettan DIGE user manual (GE Healthcare). Spots with p Ͻ 0.05, filtered based on an average volume ratio Ͼ2-fold between vehicle-and TCDD-treated, were selected for picking.
Mass Spectrometry-For spot picking and identification, preparative IEF/2D-PAGE was performed using 500 g of protein by pooling equal amounts of vehicle-and TCDD-treated affinity-purified nuclear extracts. Preparative gels were stained with Sypro Ruby for 3-4 h at room temperature and destained for 1 h or until the spots were clearly visible. The MASCOT search results for CPS1 are available in the supplemental materials. hcit PTMs (carbamyl lysines) in the TCDD-treated nuclear extracts were detected using nanoLC-MS/MS (LTQ Orbitrap Velos (Thermo Scientific, West Palm Beach, FL). Data files were processed using Proteome Discoverer (Thermo Scientific) and searched against a combined Uniprot Rat-Mouse database using MASCOT (Matrix Sciences) with carbamidomethyl cysteine as fixed modification and methionine oxidation and hcit as variable modifications.
Western Blotting and Coimmunoprecipitation-Nuclear extracts were mixed with TGH buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 1 mM PMSF, 10 mM NaF, 1 mM Na 3 VO 4 , 5 l/ml protease inhibitor mixture, and 1 g/ml BSA) and with either anti-AhR (Enzo Life Sciences, Farmingdale, NY) or anti-CPS1 (Santa Cruz Biotechnology, Dallas, TX). Precipitation was carried out using protein A/G Plus-agarose beads (Santa Cruz Biotechnology). Samples were separated on 10% SDS-PAGE gels, transferred to PVDF membranes, and probed with goat anti-CPS1 or rabbit anti-AhR antibodies respectively. Images were captured using Typhoon Trio variable mode imager (GE Healthcare). Homocitrullination was detected using goat anticarbamyl-lysine polyclonal antibody (Cell Biolabs, San Diego, CA). Rabbit polyclonal anti-CYP1A1 antibody and anti-histone H1 antibodies (Santa Cruz Biotechnology) were also used.
Immunocytochemistry and Confocal Imaging-Primary hepatocytes from C57BL6 mice were treated with either DMSO or TCDD (6 nM) for 24 h. Cells were fixed with 4% paraformaldehyde for 30 min at 4°C, permeabilized with 0.2% Triton X-100, and blocked for 1 h with 5% BSA. Cells were incubated with anti-CPS1 (Santa Cruz Biotechnology, 1:100) overnight at 4°C and treated with Alexa Fluor 488 anti-goat secondary antibody (Life Technologies, Inc.; 1:200). Nuclei were stained with SlowFade Gold with DAPI (Life Technologies, Inc.). Cells were imaged with Nikon D-Eclipse C1 inverted confocal microscope (60ϫ oil immersion). Data analysis such as line scan was carried out using the digital image analysis software AxioVision (Zeiss, Thornwood, NY).
Chromatin Immunoprecipitation-ChIP assays were performed on whole livers from AhR floxed mice treated with vehicle or TCDD (20 g/kg) as described previously (9) . Antibodies against the AhR (Abcam, Cambridge, MA), CPS1 (Santa Cruz Biotechnology), KLF6 (Santa Cruz Biotechnology), H3 (positive control), and IgG (negative control) were used to immunoprecipitate the target proteins. Immunoprecipitated and input DNA were PCR-amplified using primers specific to the XRE in CYP1A1 and NC-XRE in the PAI-1 and PADI2 promoters. PCR products were fractionated on a 5% polyacrylamide gel, stained with SYBR Green (Life Technologies, Inc.), and imaged on a Typhoon Trio, and the band intensities were quantified using ImageQuant (GE Healthcare). Quantitative PCR on ChIP samples was performed by the Molecular Genomics Core at the University of Texas Medical Branch. The primers used for PCR were CYP1A1 (forward, 5Ј-CTATCTCTTAAACCCCACCC-CAA-3Ј; reverse, 5Ј-CTAAGTATGGTGGAGGAAAGGGTG-3Ј) and PAI1 promoters (forward, 5Ј-GTCCCAGCAAGTCA-CTGGGAGG-3Ј; reverse, 5Ј-CTGGAGGCGGGTGTGCGG-CG-3Ј). The NC-XRE in PADI2 was amplified using primers 5Ј-TCCATCGTTCCTCTG-3Ј (forward) and 5Ј CGATGATG-ACAGCACAACA-3Ј (reverse).
Amino Acid Analysis-Nuclear extracts isolated from AhR floxed and AhR CKO mice treated with vehicle or TCDD were subjected to amino acid analysis to detect hcit. 100 g of protein was precipitated using the two-dimensional cleanup kit (GE Healthcare) to remove salts and detergents from samples. The protein pellet was hydrolyzed using 6 N HCl. Amino acid analysis was performed using Hitachi L-8800 amino acid analyzer. The EZChrom Elite was used to monitor the height and area of the amino acid peak and calculate estimated concentration of amino acid in nmol. Mole percentage for homocitrulline was calculated as [(nmol of homocitrulline)/(total nmol of all amino acids in the sample)] * 100.
Electrophoretic Mobility Shift Assay-EMSAs were performed using crude nuclear extracts or extracts immunodepleted for the AhR, KLF6, or CPS1 isolated from vehicle-and TCDD-treated (20 g/kg for 2 h) mouse livers. Immunoprecipitations were carried out using protein A/G Plus-agarose beads. Nuclear extracts (10 g) were used in EMSA with 300 ng of 32 P-NC-XRE ([ 32 P]ATP end-labeled double stranded DNA probe, 3000 mCi/mmol) as described previously (9, 14) .
Pulse-Chase Experiment-Primary hepatocytes isolated from AhR floxed mice were starved in methionine-free DMEM ϩ 5% FBS for 30 min. [ 35 S]Methionine (100 Ci) was added to the medium, and the cells were incubated for 14 h at 37°C. Radioactive medium was carefully removed, cells were washed with PBS, and DMEM containing 5% FBS was added. Hepatocytes were treated with 10 M ␤-naphthoflavone (␤NF) for 2, 24 and 48 h. Cells were subjected to immunoprecipitation using antihistone H1 antibody (Santa Cruz Biotechnology), and homocitrullination was detected using an anti-carbamyl lysine antibody. Autoradiography was performed using storage phosphor screens (GE Healthcare) and imaged on Typhoon Trio variable mode imager (GE Healthcare).
Statistical Analysis-All data are presented as means Ϯ S.E. The data were analyzed by applying t test using Sigma Stat software (Systat Software). Differences between the groups were considered significant only if the p value is Ͻ0.05.
Results

Identification of CPS1 as an Integral Component of the NC-XRE-bound AhR
Complex-Given the recruitment of established chromatin modifying coactivator proteins to the XRE, we wished to identify the AhR coactivators recruited to the newly identified NC-XRE. Nuclear extracts isolated from vehicle-and TCDD-treated mouse liver nuclei with a biotinylated NC-XRE oligonucleotide (bound to streptavidin-conjugated magnetic beads) as an affinity reagent to capture and enrich the AhR complex from TCDD-treated mouse liver nuclei. 2D-DIGE was performed on Cy3 (vehicle control) and Cy5 (TCDD) labeled proteins to identify protein spots enriched (Ͼ2-fold) in the TCDD-treated extracts (Fig. 1 ). Protein spots picked from a preparative gel were subjected to trypsin digestion and Nano-LC/MS/MS (Thermo Finnigan LTQ Orbitrap Velos). CPS1 was identified by MS sequencing as one of several novel proteins increased as a function of TCDD treatment. Western blotting on independently isolated replicate murine liver nuclear extracts confirmed that CPS1 is enriched in TCDD-treated nuclei concomitant with AhR activation and nuclear translocation (Fig. 2) . Moreover, CPS1 coimmunoprecipitated with the AhR in a TCDD-dependent manner (Fig. 2B) , and reciprocal coimmunoprecipitation experiments confirmed the association (Fig. 2C) . The ability to detect some CPS1 protein in vehicle-treated nuclei (Fig. 2C ), suggested that a trace amount of CPS1 may be constitutively present in nuclei and is rendered detectable following immunological enrichment. Further evidence for CPS1 nuclear compartmentalization was obtained using confocal immunofluorescence microscopy ( Fig.  2D) . Cultured C57BL6 mouse primary hepatocytes treated with DMSO (vehicle) or 6 nM TCDD for 2 h were immunologically probed for CPS1 and staining analyzed by confocal microscopy. DAPI staining identified the nuclei. Quantitation of nuclear staining and the surrounding cytosol revealed that nuclear CPS1 levels are markedly increased in TCDD-treated cells (Fig.  2E) . The result shows that only a small fraction of the total cellular CPS1 protein enters the nuclei.
CPS1 and AhR Are Recruited to the PAI-1 Promoter in Vivo in
Response to TCDD-We recently showed that the AhR-KLF6 complex is recruited to an upstream PAI-1 gene regulatory region containing a functional NC-XRE (8, 9) . In vivo ChIP assays were performed on whole liver tissue targeting the PAI-1 and CYP1A1 promoter regions harboring the NC-XRE and XREs, respectively (Fig. 3) . ChIP on the PAI-1 promoter revealed that the AhR, KLF6, and CPS1 each exhibited TCDDdependent DNA binding, whereas binding to the CYP1A1 promoter was restricted to the AhR. Quantitative re-ChIP experi- FIGURE 1. CPS1 recruitment to the NC-XRE. Nuclear extracts from C57BL/6 mice treated with vehicle (peanut oil) or 20 g/kg TCDD for 2 h were subjected to affinity purification using the NC-XRE sequence. Affinity-purified proteins from vehicle-treated (Cy3, green) and TCDD-treated (Cy5, red) extracts were fractionated by 2D-DIGE. Nano-LC-MS/MS identified CPS1 (see annotation) as one of several proteins enriched in the TCDD-treated samples.
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NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46 ments confirmed that the AhR and CPS1 are simultaneously bound to the same PAI-1 promoter sequence (Fig. 3C) . Immunological evaluation of the protein-DNA complex using mouse liver nuclear extracts and the NC-XRE oligonucleotide established the presence of each protein in the complex (Fig. 4) . Because the antibodies against the AhR, CPS1, and KLF6 did not generate a "supershift" product in the EMSA (data not shown), we used immunodepleted nuclear extracts to establish involvement of each protein in complex formation. Fig. 4A confirms successful immunodepletion of the extracts for AhR, CPS1, and KLF6 with the specific antibodies, whereas use of a nonspecific IgG preserved the proteins. EMSA was performed using AhR-, CPS1-, and KLF6-depleted nuclear extracts (Fig.  4B) . Although a pronounced TCDD-inducible protein-DNA complex was readily detectable with the IgG-treated nuclear extract, the absence of a gel shift product using immunodepleted extracts demonstrated that AhR, CPS1, and KLF6 all contribute to the formation of a single multisubunit complex at the NC-XRE.
In Vivo Carbamylation of Lysine Residues upon TCDD Treatment-Carbamoyl phosphate, the product of CPS1 catalysis, can carbamylate lysine-rich histones in vitro to produce hcit through a nonenzymatic mechanism (15) . Evidence for enzyme-independent covalent PTMs in cells has been documented previously (16 -19) . Identification of CPS1 as a nuclear protein recruited to the NC-XRE suggested that its DNA association could promote homocitrullination of nearby chromatin proteins. Because reactive metabolites readily interact with nucleophilic protein residues, we envision a mechanism where the highly electrophilic acylphosphate group on carbamoyl phosphate is subject to nucleophilic attack (Fig. 5A) . This process was recently demonstrated for 1,3-bisphosphoglycerate, which formed a specific, functionally important PTM on glyceraldehyde-3-phosphate dehydrogenase by a nonenzymatic process (17) . To establish that AhR activation promotes homocitrullination of nuclear proteins, liver nuclear extracts prepared from vehicle-and TCDD-treated wild-type and AhR CKO mouse livers or primary hepatocytes were initially subjected to amino acid analysis (Fig. 5B) . Amino acid analysis detected hcit only in nuclear extracts from TCDDtreated AhR-expressing cells. hcit detection by HPLC-eluting at 42-43 min-was confirmed using both pure hcit as a standard (Fig. 5C ) and by monitoring hcit elution of potas- A, whole liver nuclear extracts (50 g) isolated from C57BL/6 mice treated with 20 g/kg TCDD (T) or vehicle (V) for 2 h were subjected to immunoblotting. The results are for independent animals. B, vehicle-(V) and TCDD-treated (T) mouse liver nuclear protein (1 mg) was immunoprecipitated (IP) with an antibody against AhR and immunoblotted for the AhR and CPS1 as independent animals in triplicate. C, reciprocal immunoprecipitation using a CPS1 antibody followed by immunoblotting as described for B. D, indirect immunofluorescence confocal microscopy on vehicle (DMSO) and TCDD-treated primary hepatocytes stained for CPS1 (green) and DAPI (blue). E, densitometric quantitation across individual hepatocytes was performed to measure nuclear and cytosolic CPS1 staining and plotted as percentages of pixel intensity. The data represent n ϭ 47 cells for vehicle controls and n ϭ 46 for TCDD-treated cultures (in 12 random fields from two independent experiments).
sium cyanate-treated pure bovine serum albumin under conditions that carbamylate 78% of the lysine residues (20) (Fig.  5D ). Formation of hcit was independently confirmed by Western blotting using an anti-hcit polyclonal antibody to probe liver nuclear extracts from vehicle-and TCDDtreated AhR floxed and AhR CKO mice (Fig. 5E ). The evidence also revealed that numerous nuclear proteins are targets for homocitrullination. , and IgG (negative control) were used to immunoprecipitate target proteins. PCR primers against the PAI-1 and CYP1A1 promoters flanking NC-XRE and XRE sites, respectively, were used to amplify genomic DNA. PCR products were electrophoretically fractionated and stained with SYBR green. A and B, quantitation of PCR products against the PAI-1 promoter (A) and CYP1A1 promoter (B) from vehicle (open bars) and TCDD-treated mice is presented as a percentage of vehicle input DNA (n ϭ 3, average Ϯ S.E.). *, p Ͻ 0.05. C, quantitative PCR was performed on DNA isolated from vehicle-and TCDD-treated mouse livers in a sequential re-ChIP experiment using antibodies against the AhR, followed by CPS1.
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CPS1 Is Required for Nuclear Protein HomocitrullinationStudies using primary hepatocytes and AML12 cells-a differentiated nontransformed mouse hepatocyte line (21)-confirmed that CPS1 is necessary for homocitrullination of nuclear proteins. Although CPS1 is a long-lived protein refractory to RNA interference-based knockdown strategies (22, 23) , cultured primary hepatocytes spontaneously suppress CPS1 expression (Fig. 6A) . Taking advantage of this observation, we observed that TCDD-dependent homocitrullination of nuclear proteins diminished in lock step with loss of CPS1 expression. However, P4501A1 inducibility, which does not rely on CPS1, confirmed that AhR functionality persisted over the 3-week culture period. In complementary studies, CPS1 expression was re-established in AML12 cells using 5-aza-2Ј-deoxycitidine (5-Aza) to hypomethylate the CPS1 promoter (24) . TCDD-inducible hcit formation only occurred in the 5-Aza-treated CPS1-positive cells (Fig. 6B) . Using siRNA, we were able to specifically suppress nascent CPS1 expression in AML12 cells grown in the presence of 5-Aza (Fig. 6C ) and demonstrate that homocitrullination is absolutely dependent on CPS1.
Next, nuclear proteins were fractionated by SDS-PAGE and processed for mass spectrometry to identify the hcit-modified proteins. Tryptic peptides were analyzed by nanoLC-MS/MS using a LTQ Orbitrap Velos. Data files were processed using Proteome Discoverer and searched against the Uniprot-Mouse database using Mascot with carbamidomethyl cysteine as a fixed modification and variable modifications of methionine oxidation, lysine carbamylation, and peptide N-terminal carbamylation. For trials 1 and 2, MS/MS spectra were acquired in the ion trap. To confirm the identity and site localization for carbamylated peptides, the top four ions were chosen for fragmentation in the ion trap with detection in the Orbitrap at 7500 resolution. In three independent experiments, numerous nuclear proteins were reproducibly identified with one or more homocitrullinated peptides, including histone H1. Homocitrullination specifically targeted a single lysine residue at position 34 (H1K34) on histone H1.2/1.3 (Fig. 7) . Mass accuracy of the parent ion in the mass scan is illustrated in Fig. 7A . Carbamylated peptides for histone H1.2/1.3 were manually verified by comparing observed fragment m/z values to theoretical values obtained from the MS-Product utility within Protein Prospector. All fragment ions whose measured mass error fell within 2ϫ standard deviation from the mean error value were accepted as being correct. Table 1 denotes mass accuracy for all fragment ions in the MS/MS spectrum. It is noteworthy that Lys-34 in histone H1.2/1.3-the peptide KASGPPVSELITK being common to both histone variants-is also subject to acetylation, monomethylation, and formylation (25) . Interestingly, the same lysine residue is also acetylated in histone variant H1.4 (H1.4K34Ac), a modification recently shown to be associated with transcriptional activation (26) .
CPS1 Is Required for AhR-mediated PADI2 Induction-Peptidylarginine deiminase (PADI) enzymes convert arginine and methylarginine residues to citrulline via a hydrolytic process called citrullination or deimination (27) . PADI2 has been shown to citrullinate histone H3 and H4, respectively (28) . In silico analysis of the murine PADI2 promoter and upstream flanking region revealed the presence of multiple putative NC-XRE sites (Fig. 8A) . Quantitative RT-PCR results confirmed that PADI2 is a TCDD-responsive gene in AML12 cells, but only when CPS1 is expressed (Fig. 8B) . Moreover, quantitative ChIP and re-ChIP assays confirmed that the AhR and CPS1 simultaneously bind to a NC-XRE containing region between 3850 and 3550 bp upstream of the PADI2 transcription start site (Fig. 8C) . The AhR-mediated induction of PADI2 expression has important implications for histone epigenetics affecting chromatin structure and function.
Histone H1 Homocitrullination Is Reversible-Because histone H1 turnover is slow (29) , dynamic physiologically meaningful PTMs ought to be reversible. Accordingly, evidence of transient (i.e. reversible) hcit formation is a prerequisite for ascribing functional significance to the hcit PTM. We used the rapidly metabolized AhR agonist, ␤-naphthoflavone (␤NF) (30) in lieu of long-lived TCDD to transiently activate the receptor (Fig. 9) . Transient, changes in nuclear protein homocitrullination mirrored AhR activity, which was monitored using P4501A1 protein expression over a 48-h period, suggesting that hcit formation is indeed reversible. Furthermore, pulse-chase experiments measuring 35 S-labeled histone H1 protein turnover revealed that although H1 is stable over a 48-h period, H1 homoc- and TCDD-treated (solid bars) immunodepleted nuclear extracts (10 g per reaction) using a 32 P-radiolabeled NC-XRE probe. EMSA complexes were quantified using ImageQuant TL8.1 software (n ϭ 3). *, p Ͻ 0.05.
itrullinaltion following ␤NF treatment was fleeting, peaking at 24 h coincident with maximal AhR-mediated transcriptional activity (Fig. 9B) . These data clearly show that histone H1 homocitrullination is reversible, in keeping with a dynamic, regulable epigenetic mechanism. The enzymatic process responsible for hcit removal remains elusive, however.
Discussion
Identifying the NC-XRE as a novel AhR binding site served as the catalyst in the discovery of CPS1 as a component in the AhR-KLF6 complex. 2D-DIGE and MS sequencing identified CPS1 as one of several proteins enriched in NC-XRE-bound nuclear extracts from TCDD-treated mouse liver. The findings presented here demonstrate that CPS1 is a bona fide nuclear protein involved in an epigenetic process involving a hitherto unknown histone mark (H1K34hcit) that functionally regulates the expression of PADI2. Increased PADI2 expression is projected to enhance histone H3 citrullination (H3R26cit) at target promoters, resulting in chromatin decondensation and transcriptional activation (27) . The implication is that CPS1 and PADI2 function in concert to modify histones H1 and H3, respectively, altering the epigenome in response to AhR activa-FIGURE 5. The AhR is required for homocitrullination. A, peptidyl homocitrulline formed by reaction of a lysine ⑀-amine with the acylphosphate functionality in carmamoyl phosphate (shaded). B, amino acid analysis was performed on nuclear extracts from C57BL/6 (WT), AhR floxed, and hepatocyte-specific AhR CKO mice treated with vehicle (solid bars) or 20 g/kg of TCDD for 2 h (shaded bars) or nuclear extracts from primary hepatocytes isolated from AhR floxed and AhR CKO mice and treated with vehicle or 6 nM TCDD for 24 h (n ϭ 1). hcit eluted from the HPLC as a peak at ϳ43 min and is expressed as a mole percentage. C and D, amino acid analysis on pure homocitrulline as a standard (C) and potassium cyanate-treated BSA (D) is shown. E, nuclear protein from vehicle-treated (Ϫ) and TCDD-treated (ϩ) AhR floxed and CKO mouse liver tissue was analyzed by immunoblotting using an anti-carbamyl-lysine (anti-hcit) polyclonal antibody (n ϭ 2). Lamin B (Lam) was used as a loading control.
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tion. The precise repertoire of target genes regulated through this mechanism, and the physiological ramifications will be examined in future studies.
Carbamoyl phosphate synthase activity is catalyzed by three isoforms. The predominant isoforms are CPS1 and CPS2 (also known as CAD; carbamoyl-phosphate synthetase 1, aspartate transcarbamylase, and dihydroorotase), which are responsible for urea and pyrimidine biosynthesis, respectively (31) . Whereas CPS2 is a cytosolic enzyme, CPS1 is ostensibly a mitochondrial protein, yet it is CPS1 that is recruited to the NC-XRE. Both MS sequencing and Western blotting using isoform-specific antibodies confirmed CPS1 rather than CPS2 as a component of the NC-XRE complex. It is unclear at this time whether the CPS1 protein translocated into nuclei relies on CPS1 protein released from the mitochondrial compartment or draws upon a reservoir of cytosolic CPS1 not formerly identified. Cellular fractionation studies to date are inconclusive (data not shown) and will require further follow-up. Mitochondrial CPS1 is composed of six distinct domains, and the entire multidomain protein is required for the synthesis of carbamoyl phosphate (32) . Although CPS1 is detected predominantly in the liver, biochemical studies in sheep demonstrated that CSP1 is also expressed-albeit at low levels-in several extrahepatic tissues including the intestinal epithelium, heart, kidney, lung, and spleen, suggesting that its expression is widespread (33). Hence, it is conceivable that the functional consequence of homocitrullination is not limited to the liver. It is also noteworthy that we detected multiple CPS1 species with different isoelectric points by 2D-DIGE (Fig. 1) , suggesting that CPS1 is also post-translationally modified even though the nature of these modifications and their functional significance is currently unknown. Homocitrullination (the carbamylation of lysines) is a known PTM arising from a nonenzymatic reaction of urea-driven cyanate with free amino groups on lysines to yield hcit unrelated to CPS 1 activity (34) . It was also demonstrated that carbamoyl phosphate, the product of CPS1 catalysis, can react with lysines in histones to yield hcit in an enzyme-independent manner (15) . The proposed mechanism depends on the highly electrophilic acylphosphate group on carbamoyl phosphate undergoing nucleophilic attack (Fig. 5A) . We envision that the AhR-mediated recruitment of CPS1 to NC-XRE-containing promoters results in spontaneous homocitrullination of specific proximal chromatin proteins including histone H1 through an enzyme-independent mechanism (Fig. 10) . Histones are evolutionarily conserved chromatin proteins responsible for condensation, organization, and regulation of DNA within the eukaryotic nucleus. Aside from the nucleosomal core histones (H2A, H2B, H3, and H4), higher order chromatin structure depends on binding by the linker histone, H1 (35, 36) . Linker histones consist of three domains, a conserved globular core, and two intrinsically disordered N-and C-terminal domains. Despite the high degree of functional redundancy among histone H1 variants, the essential role of histone H1 in mammals was elegantly demonstrated by the Skoultchi laboratory, using a triple knock-out mouse for histones H1.2, H1.3, and H1.4, in which a 50% reduction of H1 expression resulted in embryonic lethality at day 11.5 (37, 38) . Both the human and mouse genomes code for 11 distinct histone H1 variants (39) . Five somatic variants (H1.1, H1.2, H1.3, H1.4, and H1.5) are ubiquitously expressed. Although the majority of the H1 histones are believed to be bound to the nucleosome at any given time, individual H1 histone interactions with chromatin are transient attesting to a dynamic process (40, 41) . These transient interactions are influenced by H1 PTMs and competition for chromatin binding by other nuclear factors.
Sixteen classes of histone modifications have been identified to date (42) , and this diversity imparts enormous complexity to transcriptional control. Homocitrullination constitutes a novel epigenetic mark that adds to the range of PTMs identified on histone H1. Other histone H1 PTMs include phosphorylation, acetylation, methylation, formylation, and ubiquitination (25) . Although much is known about the role of histone H1 phosphorylation, the functional relevance of the other PTMs is only Table 1 and the supplemental materials. recently beginning to be appreciated. Of particular note is acetylation of a conserved lysine at position 34 on histone H1.4 (H1.4K34Ac), which is associated with increased H1 mobility and transcriptional activation (26) . Compared with the core histones, which remain in place for several hours, H1 proteins are substantially more mobile with a mean residence time at any one binding site estimated to be ϳ3 min (43), albeit less mobile than transcription factors that boast mean residence times of 5-25 s (44). It is tempting to speculate that akin to H1.4K34Ac, the H1.2/1.3K34hcit PTM may also reduce the mean residence time, resulting in a more open chromatin conformation conducive to increased transcription. Alternatively, H1K34hcit may constitute a distinctive PTM in the "histone code" read by regulatory proteins to promote transcription. Finally, the studies using ␤NF confirm the existence of a mechanism that can remove hcit (Fig. 9) ; however, the results do not shed light on how homocitrullination is reversed. Nevertheless, the evidence of reversibility is considered a prerequisite for homocitrullination to be considered a dynamic physiologically relevant epigenetic event. Because there are no reports in the literature describing enzymatic activity consistent with decarbamylation of lysine residues, future studies designed to identify the protein responsible will probably require protein purification and a detailed biochemical analysis. To date we have identified plasminogen activator inhibitor 1 (8), p21Cip1 (45) , and, in this report, PADI2 as NC-XRE-driven target genes. Future global gene expression profile analyses using experimental models lacking CPS1 will presumably identify a host of other CPS1-dependent target genes. It is conceivable that the expression of certain genes will rely on CPS1 recruitment by transcription factors other than the AhR, consistent with a more general role for homocitrullination as an epigenetic mark.
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